Introduction
Molecular typing is becoming a primary tool to control infectious diseases caused by bacteria, including Mycobacterium tuberculosis (MTB). Among the various available molecular typing methods, pulsed-field gel electrophoresis (PFGE) is a molecular epidemiologic technique widely used to investigate microorganisms such as Escherichia coli, Salmonella, Shigella, and Campylobacter. However, PFGE is not commonly used for the genus Mycobacterium. Owing to the mycolic acid present in the Mycobacterium cell wall, the members of this genus are resistant to lytic enzymes, creating difficulty in preparing agarose plugs for PFGE [1] .
Overall, existing PFGE methods for the genus Mycobacterium result in gel images with low quality, and plug preparation takes over a week. Therefore, it is more difficult to apply PFGE to the genus Mycobacterium than to other bacteria. Despite these shortcomings, the use of PFGE for non-tuberculous mycobacteria (NTM) is increasing, and reports have described improvements in PFGE methods Two molecular epidemiologic methods, IS6110 restriction fragment length polymorphism (IS6110-RFLP) and 24-locus mycobacterial interspersed repetitive unit-variable-number tandem repeat (MIRU-VNTR), are used worldwide in studies of Mycobacterium tuberculosis (MTB). Conversely, because of its poor resolution, pulsed-field gel electrophoresis (PFGE) is not widely used for MTB. In this study, we improved the 24-locus MIRU-VNTR and PFGE protocols and compared the effectiveness of these approaches for the molecular typing of MTB using 75 clinical isolates obtained from a cohort investigation of high-risk populations infected with MTB. The 24-locus MIRU-VNTR method demonstrated superior discriminatory ability, followed by PFGE and IS6110-RFLP. Next, we analyzed six isolates with clear epidemiologic connections; that is, isolates from patients who attended the same school. IS6110-RFLP and PFGE identified these samples as the same type. By contrast, according to MIRU-VNTR, two isolates differed from four other isolates at one locus each; one isolate was identified as Mtub29 and the other as QUB-26. In summary, the 24-locus MIRU-VNTR assay was the most useful molecular typing method among the three methods investigated due to its discriminatory power, short time required, and availability as an epidemiologic investigation tool. PFGE was the second-best method. Compared with the other loci assessed in the 24-locus MIRU-VNTR assay, the Mtub29 and QUB-26 loci appeared to exhibit greater variability during transmission. and usability in efforts to allow the molecular typing of several strains of NTM. Nonetheless, PFGE is rarely employed for MTB typing owing to the poor resolution of gel images [2] [3] [4] [5] . IS6110 restriction fragment length polymorphism (IS6110-RFLP) was previously considered the gold standard for MTB typing, but it has recently been replaced by the 24-locus mycobacterial interspersed repetitive unit-variable-number tandem repeat (MIRU-VNTR) approach. However, PFGE is less laborious and time consuming than IS6110-RFLP and more cost effective than 24-locus MIRU-VNTR [4] .
In this study, we improved the 24-locus MIRU-VNTR and PFGE protocols and compared the effectiveness of PFGE, IS6110-RFLP, and MIRU-VNTR for the molecular typing of MTB using isolates with previously characterized epidemiologic relationships.
Materials and Methods

Mycobacterial Isolates
A total of 75 clinical isolates obtained from a cohort study of high-risk populations infected with MTB from 2008 to 2012 were employed to compare the effectiveness of the three molecular typing methods [6] . Another 20 isolates from the Korea Centers for Disease Control and Preventions (KCDC) MTB strain collection were used to optimize the polymerase chain reaction (PCR) conditions for the 24-locus MIRU-VNTR assay.
The strains were grown in Middlebrook 7H9 broth supplemented with 0.05% Tween 80 and 0.2% glycerol at 37°C with shaking at 150 rpm. MTB H37Rv ATCC (American Type Culture Collection) 27294 was used as the reference strain in this study.
Spoligotyping
DNA was extracted using InstaGene Matrix (Bio-Rad, USA) according to the manufacturer's instructions. Spoligotyping was performed using a Spoligotyping kit (Ocimum Biosolutions, India) according to the manufacturer's instructions. The spoligotyping results were analyzed using BioNumerics 7.1 software (Applied Maths, Belgium), and the spoligotypes were assigned a Spoligo International Type (SIT) according to SITVITWEB (http://www. pasteru-guadeloupe.fr.8081/SITVIT_ONLINE/).
IS6110-RFLP
DNA was extracted using a HiGene Genomic DNA Prep Kit (BIOFACT, Korea). IS6110-RFLP was performed as previously described [7] [8] [9] [10] [11] [12] [13] , and the patterns were analyzed using BioNumerics 7.1 software. The banding patterns were compared using Dice coefficients with a 1.0% band position tolerance. Patterns were clustered with the unweighted pair group-matching algorithm.
24-Locus MIRU-VNTR
The MIRU-VNTR method was slightly modified from a previously described method [14, 15] . DNA extracted using InstaGene Matrix (Bio-Rad) according to the manufacturer's protocol was PCR amplified using AmpliTaq Gold 360 Master Mix (Applied Biosystems, USA). We performed six sets of quadruplex PCRs and optimized the PCR conditions using the primers described by Supply et al. [15] . The composition of each reaction mixture is shown in Table S1 . Because the QUB-26 locus contains a large repeat unit, 4 µl of GC enhancer was added to the reaction mixture for primer set 5, including Mtub21, QUB-26, ETR B, and Mtub34. The following PCR conditions were employed: pre-denaturation at 95°C for 10 min; 33 cycles of 95°C for 1 min, 58°C for 1 min, and 72°C for 1 min; and a final extension at 72°C for 10 min. The amplified products were fragment analyzed using an ABI 3500xL DNA analyzer (Applied Biosystems), and the product sizes were determined using Genescan 1200LIZ Size Standard (Applied Biosystems).
MIRU-VNTR patterns were evaluated using BioNumerics 7.1 software.
PFGE
A PFGE protocol previously used to type NTM was slightly modified in this study [5] . Briefly, to prepare agarose plugs after cell density adjustment, we resuspended cultured MTB cells in 180 µl of TE buffer (10 mM Tris-HCl and 1 mM ethylenediaminetetraacetic acid (EDTA), pH 7.5) and 20 µl lysozyme (100 mg/ml). Bacterial suspensions were incubated at 37°C for 24 h, and 20 µl of 20 mg/ml proteinase K (Invitrogen, USA) was added just before the suspension was mixed with agarose. The lysis buffer was changed to EC buffer (6 mM Tris-HCl, pH 8.0, 1 M NaCl, 100 mM EDTA, pH 8.0, 0.5% Brij-58, 0.2% sodium deoxycholate, and 0.5% sodium lauroylsarcosine) containing 50 µl of proteinase K (20 mg/ml), and the cells were incubated at 55°C for 3 days. To increase washing stringency, the lysed plugs were washed with sterilized deionized distilled water before the TE buffer wash step. Salmonella enterica serovar. Braenderup H9812 (ATCC BAA-664) was used as a standard marker (http://www.pulsenetinternational.org). Genomic DNA was digested with DraI (Roche, Switzerland), and PFGE was performed using a CHEF Mapper System (Bio-Rad), with block 1 switch time from 2 to 10 sec for 13 h and block 2 switch time from 20 to 25 sec for 6 h at 14°C.
Results
Spoligotyping
Spoligotyping was performed to identify the lineages of the isolates used in this study. The spoligotypes were classified according to SITVITWEB clade assignments (http:// www.pasteru-guadeloupe.fr.8081/SITVIT_ONLINE/); 60 of the 75 isolates tested were classified as the Beijing clade. These Beijing clade isolates were further classified into SIT 1 (55 isolates), SIT 190 (three isolates), SIT 269 (one isolate), and SIT 406 (one isolate). The other clades identified included T1 (six isolates), T2 (five isolates), T3-OSA (one isolate), and T5-RUS1 (one isolate) types [16] . There was no spoligotype match found in the SITVIT database for one isolate, and we designated this newly identified type as K01. Isolate K01 showed 95.5% computer-calculated similarity to the Beijing clade. Another isolate was not classified because no product was obtained by amplification.
IS6110-RFLP
Seventy-five isolates were typed by IS6110-RFLP. The diversity index (DI) of IS6110-RFLP was 0.996. As two isolates contained only one copy each, the RFLP patterns for 73 isolates were analyzed. These 73 isolates were classified into 60 patterns; 55 patterns were unique, and five comprised genetic clusters. The largest genetic cluster consisted of 10 isolates. As these isolates were from patients who attended the same school, six of these isolates (T0210, T0211, T0251, T0257, T0269, and T0282) demonstrated clear epidemiologic connections. We grouped these six isolates and designated them SC01. However, the other four isolates in the largest genetic cluster (T0214, T0226, T0237, and T0274) were not epidemiologically connected to the six related isolates or to one another. The other four genetic clusters consisted of only two isolates each. The isolates in three of these clusters were epidemiologically connected to one another (i.e., from patients attending the same school), but there were no identified epidemiologic connections between the isolates in the final cluster (Fig. 1) . The isolates in the Beijing clade were grouped separately from the other isolates.
24-Locus MIRU-VNTR
All six quadruplex PCR sets yielded products that corresponded to the predicted sizes produced by PCR reactions using individual primers [15] .
The DI value of MIRU-VNTR was 0.996, which was the highest value among the three typing methods investigated in this study.
MIRU-VNTR divided the 75 isolates into 67 patterns. Among the 67 patterns, 61 were unique, and six comprised genetic clusters. The sizes of the genetic clusters were small, and all clusters other than the largest comprised two isolates. The largest cluster contained four isolates from the SC01 group (T0210 and T0211 were isolated in 2008, T0257 was isolated in 2010, and T0282 was isolated in 2011), which had clear epidemiologic connections; the related patients attended the same school during overlapping periods, and frequent contact was possible. Although isolates T0250 (isolated in 2010) and T0269 (isolated in 2011) form a major RFLP cluster, this was not evident according to the MIRU-VNTR assay. Nonetheless, these two isolates exhibited greater than 95% similarity to a major cluster (Fig. 2) . Both T0251 and T0269 were found to differ by one locus, Mtub29 and QUB-2, respectively, from the isolates in the largest cluster.
SC12 group isolates (T0250 and T0273) were also similar to the SC01 group. Based on IS6110 RFLP, T0250 and T0273 constituted a cluster, but this was not evident in the 24-locus MIRU-VNTR results in which they differed by one locus (Mtub29).
Isolates in two of the five small clusters, one consisting of T0218 and T0223 and the other consisting of T0212 and T0235, were epidemiologically connected, and the compositions of these two clusters were the same as those generated by RFLP. For the other three small clusters, the compositions differed from those generated by RFLP and PFGE, and no epidemiologic connection was identified between the isolates.
The isolates included in the Beijing clade were grouped separately.
PFGE
After applying the improved protocol, all tested MTB isolates were cultured without clumping, and the resolution of the PFGE gel image was remarkably increased and sufficient for analysis using software. Thus, we clearly improved the electrophoretic resolution (Fig. 3) of this technique.
The tested strains produced approximately 20 PFGE fragments. The DI value was 0.990, which was higher than that for IS6110-RFLP but lower than that for MIRU-VNTR.
A total of 64 PFGE patterns were produced; 59 patterns were unique, and five comprised genetic clusters.
The largest cluster consisted of seven isolates; of these, six were included in the SC01 group (T0210, T0211, T0251, T0257, T0269, and T0282). These isolates were epidemiologically connected, but the remaining isolate (T0230) showed no epidemiologic connection to the six isolates in the SC01 group (Fig. 4) .
Two small clusters, one consisting of T0218 and T0223 and the other consisting of T0212 and T0235, were also generated by both IS6110-RFLP and MIRU-VNTR, and these isolates were epidemiologically connected. The compositions of the other three small clusters differed from those generated by IS6110-RFLP and MIRU-VNTR, and no epidemiologic connection was identified between the isolates. Although isolates T0250 and T0273 are epidemiologically connected, they were not included in the same cluster as that identified in RFLP, even though they exhibited 92.1% genetic similarity. Again, the isolates in the Beijing clade were grouped separately.
Discussion
In this study, we improved two molecular typing methods for MTB. We simplified the 24-locus MIRU-VNTR protocol by constructing and optimizing quadruplex PCR primer sets [15] .
We also obtained good-quality gel images sufficient for easily creating a PFGE database, when compared with other PFGE methods applied to MTB, within 4 days [1, 17, 18] .
The IS6110-RFLP test is a standard method for molecular typing of MTB, which is unlike other bacteria; however, this method has analytical limits. For example, if the IS6110 copy number is lower than six, the results are not suitable for typing without other supplemental typing methods such as spoligotyping [9] . In previous studies, 15.4% or 22.4% of tested isolates produced IS6110-RFLP patterns with five or fewer bands; therefore, IS6110-RFLP was not applicable to all of the MTB isolates analyzed [19, 20] . In the present study, two isolates (T0228 and T0290) were excluded from our analysis because they possessed only one copy each, which is a limitation not associated with the PFGE and MIRU-VNTR assays.
Another disadvantage of the IS6110-RFLP approach is the size standard. To construct a graphic database of the results obtained from electrophoresis, it is very important to employ a size standard to normalize the results. Although some national-level molecular typing-based tuberculosis surveillance networks utilize their own developed standard, most use a combination of their own and commercially available size standards [19, 21] . However, commercially available size standards are problematic for the management of RFLP databases owing to difficulties associated with continuous production and distribution. Unlike IS6110-RFLP, PFGE uses a global standard strain, which is advantageous for database management.
Although the observed differences between methods were small, MIRU-VNTR exhibited the strongest discriminatory power, followed by PFGE and IS6110-RFLP. The compositions of the major clusters produced by each typing method were similar. These clusters included six known epidemic cases (T0210, T0211, T0251, T0257, T0269, and T0282). The major cluster produced by MIRU-VNTR comprised four of these epidemic isolates, and the other two isolates were genetically related to these four isolates (greater than 95% similarity). The major cluster produced by PFGE included all six isolates and one additional isolate, and the major cluster produced by IS6110-RFLP included all six isolates and four other isolates. The five miscellaneous isolates included in the PFGE and IS6110-RFLP major clusters had no established epidemiologic connections to the six epidemiologically linked isolates or to one another. Because of the high prevalence of tuberculosis in Korea (http:// www.who.int/tb/country/data/profiles/en/), these cases can be explained by homoplasy or the presence of an unknown endemic strain, as opposed to an unconfirmed epidemic connection.
Another difference between the three typing methods investigated in this study was observed. The SC12 group isolates T0250 and T0273 have a known epidemiologic connection; that is, they were reportedly transmitted at a school. These two strains formed a cluster according to IS6110-RFLP, but not PFGE or MIRU-VNTR that both indicated genetic similarity higher than 92%. As the PFGE and MIRU-VNTR assays discriminate genotypic differences during the transmission process, they may possess relatively higher discriminatory power. Based on these results, the Mtub29 and QUB-26 loci appear to be more variable during transmission than the other loci used in the 24-locus MIRU-VNTR assay.
In conclusion, the 24-locus MIRU-VNTR assay was the most useful molecular typing method among the three methods investigated in this study owing to its discriminatory power, short time required, and availability as an epidemiologic investigation tool. PFGE was the second-best method.
Many studies and molecular typing-based surveillance systems for tuberculosis select 24-locus MIRU-VNTR over IS6110-RFLP as a general typing method. However, fragment analysis by MIRU-VNTR requires expensive equipment and reagents, and conventional electrophoresis is more laborious and time consuming than PFGE and IS6110-RFLP. Therefore, we recommend PFGE as a useful alternative if MIRU-VNTR is unavailable or additional typing results are required.
Further data are needed to confirm our hypotheses. However, based on this study, isolates that differ by only one locus, specifically Mtub29 or QUB-26, as determined by the 24-locus MIRU-VNTR assay, should be further analyzed to identify any epidemiologic links.
